Recent studies have highlighted the role of subsurface ocean dynamics in modulating eastern Pacific (EPac) hurricane activity on interannual time scales. In particular, the well-known El Niño-Southern Oscillation (ENSO) recharge-discharge mechanism has been suggested to provide a good understanding of the year-to-year variability of hurricane activity in this region. This paper investigates the influence of equatorial subsurface subannual and intraseasonal oceanic variability on tropical cyclone (TC) activity in the EPac. That is to say, it examines previously unexplored time scales, shorter than interannual, in an attempt to explain the variability not related to ENSO. Using ocean reanalysis products and TC best-track archive, the role of subannual and intraseasonal equatorial Kelvin waves (EKW) in modulating hurricane intensity in the EPac is examined. It is shown first that these planetary waves have a clear control on the subannual and intraseasonal variability of thermocline depth in the EPac cyclone-active region. This is found to affect ocean subsurface temperature, which in turn fuels hurricane intensification with a marked seasonal-phase locking. This mechanism of TC fueling, which explains up to 30% of the variability of TC activity unrelated to ENSO (around 15%-20% of the total variability), is embedded in the large-scale equatorial dynamics and therefore offers some predictability with lead time up to 3-4 months at seasonal and subseasonal time scales.
Introduction
The eastern Pacific (EPac) is the second most active region in terms of tropical cyclone (TC) activity, and yet environmental factors regulating this activity on subseasonal to interannual time scales deserve further exploration (e.g., Dong and Holland 1994; Wang and Lee 2009; Peduzzi et al. 2012) . The last two seasons (i.e., the boreal summers of 2014 and 2015) stand as the two most intense EPac hurricane seasons on record. In September 2015, an unprecedented system of three distinct category-4 hurricanes surrounded the Hawaiian archipelago, yet causing no significant damage to the region. A few weeks later, Hurricane Patricia developed rapidly into the most intense TC ever recorded, with sustained winds measured at .175 kt (1 kt ' 0.51 m s 21 ) (Huang et al. 2016 , manuscript submitted to J. Geophys. Res. Oceans). Hurricane Patricia made intense landfall along the Pacific coast of Mexico, but again spared the most populated cities in the area. However, some systems have significantly impacted this region and the U.S. Southwest (Jauregui 2003; Ritchie et al. 2011; Raga et al. 2013; Wood and Ritchie 2013) . Recent evidence further suggests an increase in TC activity in the vicinity of Hawaii due to global warming (Murakami et al. 2013) . In short there is renewed interest and great urgency to better understand cyclogenesis and storm intensification in the EPac region.
Supplemental information related to this paper is available at the Journals Online website: http://dx.doi.org/10.1175/ JCLI-D-16-0112.s1.
The fundamental ENSO recharge-discharge (RD) mechanism (Jin 1997) has recently been discovered as one of the main drivers of TC intensity in the EPac (Jin et al. 2014 (Jin et al. , 2015 Boucharel et al. 2016 ). This mechanism operates via the meridional redistribution of ocean subsurface heat following an El Niño event toward the EPac cyclone-active region. It plays a major role during the TC season following canonical or eastern Pacific (EP) ENSO events (Rasmusson and Carpenter 1982; Harrison and Larkin 1998) , such as for example the two strongest El Niños on record, 1982/83 and 1997/98, which had a strong influence in the EPac. Yet, there are other expressions of ENSO, characterized by different onset time, propagation features, or spatial structure. One particular mode of ENSO expression is the so-called central Pacific (CP) or Modoki El Niño, which exhibits a maximum anomalous warming around the international date line (Ashok et al. 2007 ). The influence of the RD mechanism on TC activity remains only marginal after such events, as they tend to be characterized by a meridional discharge of heat located in the center of the basin and mostly directed to the south of the equator, away from the EPac cyclone-active region (Ren and Jin 2013; Jin et al. 2015; Boucharel et al. 2016) . Although all observed El Niño events have been quite different (Johnson 2013) , the RD mechanism accounts overall for a significant component ('30%) of the yearly variation of TC intensity in the EPac (Jin et al. 2014 (Jin et al. , 2015 . This sheds light on the previously overlooked subsurface ocean properties and in particular the equatorial ocean dynamics as a potentially major contributor to hurricane activity in this region (Price 2009; Lin et al. 2013; Jin et al. 2014 Jin et al. , 2015 Boucharel et al. 2016) . This is further confirmed by observational and modeling studies that highlight the role of oceanic subsurface characteristics, such as thermocline depth (Balaguru et al. 2013 ) and stratification (Shay and Brewster 2010; Vincent et al. 2014) on TC intensification in the EPac.
The substantial progress made in ENSO theory over the past three decades (including the RD mechanism) was built upon the foundation of tropical dynamics (Neelin et al. 1998) . Because of the long ocean inertia and the well-understood tropical ocean dynamics on a wide range of time scales (e.g., Kessler et al. 1995; Suarez and Schopf 1988; Battisti and Hirst 1989; Cane and Sarachik 1977; Cane et al. 1990) , understanding the mechanisms of subsurface variability that affect the modulation of TC intensity can contribute toward designing more accurate hurricane forecast systems with possible longer lead time in the EPac. In particular, the linear theory of Cane and Sarachik (1977) predicts the existence of a large variety of propagative modes on a wide range of frequencies, but the EPac sea level/thermocline (and therefore subsurface temperature) variability is predominantly affected by Kelvin and Rossby waves forced by subannual (Busalacchi and O'Brien 1980, Yuan 2005) and intraseasonal (Kessler et al. 1995; Gushchina and Dewitte 2012; Mosquera-Vásquez et al. 2014 ) winds in the central-western Pacific (roughly 1208E-1808), in particular associated with the Madden-Julian oscillation (MJO; Madden and Julian 1994) . When the basic state of the surface atmospheric circulation in the tropical Pacific (i.e., trade winds blowing from east to west) is disrupted, the deep warm water layer piled up in the western basin begins to cascade eastward as a downwelling oceanic equatorial Kelvin wave (EKW). This mechanism often (but not always) plants the seeds for an upcoming El Niño event (Hendon et al. 1999; Kessler and Kleeman 2000; Roundy and Kiladis 2006) . In fact, despite what some climate scientists referred to as a ''mega'' downwelling EKW, the muchanticipated 2014 El Niño failed to mature (Menkes et al. 2014; McPhaden 2015) . Yet, the 2014 EPac hurricane season was one of the most active on record, with five category-4 and one category-5 TC (according to the Saffir-Simpson hurricane scale; see http://www. aoml.noaa.gov/general/lib/laescae.html for a full description) (Sobel et al. 2016) . Two related key questions arise. 1) Is there a link between this abnormally active TC year and the passage of this EKW of substantial amplitude? 2) How much of the EPac warming, favorable for TC intensification, was due to this oceanic wave?
Existing studies addressed the links between atmospheric intraseasonal Kelvin waves, the MJO, and the modulation of TC activity in the EPac and in particular the probability of cyclogenesis (Molinari et al. 1997; Maloney and Hartmann 1998, 2000; Aiyyer and Molinari 2008; Jiang et al. 2012) . TC activity at subannual and intraseasonal time scales can be attributed to changes in environmental factors related to MJO events. They generally trigger eastward-propagating atmospheric Kelvin waves that strengthen convection and reinforce MJO zonal westerly wind anomalies over the EPac, which ultimately result in enhanced 850-mb relative vorticity favorable for TC genesis. Overall, convectively active phases of intraseasonal variability can increase the frequency of cyclogenesis by up to fourfold (Barrett and Leslie 2009) , mostly through barotropic energy conversion from the mean state to the eddies. The intrinsic predictability of the MJO and atmospheric intraseasonal variability in general is usually around a month (Waliser 2006; Vitart 2009; Kim et al. 2014 ), which may not be sufficient for forecasting an active TC season well in advance.
In contrast to such atmospheric drivers, oceanic EKWs potentially offer longer prediction lead times as they are continuously generated by subannual and intraseasonal wind forcing in the western Pacific, take about 3-4 months to cross the Pacific basin, and then a couple more months to travel north as coastal trapped waves and reflected westward Rossby waves toward the EPac cyclone-active region. In addition, their nonlinear rectification into the mean state can significantly contribute to the EPac thermocline warming (Wang 2003) . In turn, this subsurface warming can potentially modulate TC intensification on subseasonal and annual time scales. The objective of this study is to explore the impact of subsurface ocean warming associated with the passage of these subannual and intraseasonal EKWs on the EPac TC activity and evaluate the potential of such well-monitored oceanic features to improve seasonal and monthly forecasts of hurricane activity with longer lead time.
The rest of this paper is outlined as follows. We first describe the data and our approach in the next section. In section 3, we explore the relationship between seasonal hurricane activity and subsurface temperature variability related to subannual EKWs over the period . In section 4, we focus on the most recent period (2012-15) using daily output from ocean reanalysis to assess the link between EKW intraseasonal variability and the monthly modulation of TC intensity. Conclusions and discussion of our main results are finally presented in section 5.
Data and methods
To be consistent with Jin et al. (2014 Jin et al. ( , 2015 and Boucharel et al. (2016) , we use oceanic conditions (both at and below the surface) from the European Centre for Medium-Range Weather Forecasts (ECMWF) Ocean Reanalysis System 3 (ORA-S3) that spans the period 1959 -2009 (Balmaseda et al. 2008 . ORA-S3 has been extensively used and validated (e.g., Zhai and Hu 2013; Jin et al. 2014; Boucharel et al. 2015) . One of the motivations of the study is also to understand the particularly active 2014 TC season in the EPac, during which El Niño standard metrics were marginal at best (yet a record TC season emerged), and the even more active 2015 season characterized by the ongoing development of a strong El Niño event. To assess the most recent period, not covered by ORA-S3, we use the National Centers for Environmental Prediction (NCEP) real-time ocean analysis and reanalysis: the new Global Ocean Data Assimilation System (GODAS), over the period 1980 -2014 (Behringer and Xue 2004 Saha et al. 2006) , as well as the newest version of the ECMWF ocean reanalysis, Ocean Reanalysis System 4 (ORA-S4) , which is still operational. All ocean products give similar results on their overlapping temporal period, so we present diagnostics performed only over the last 30 years from an average of these datasets (ensemble average taken over their common period) to smooth out mesoscale features and more clearly identify the EKWs. This reanalysis ensemble mean approach has been used for atmospheric products by Peña-Arancibia et al. (2013) and Boucharel et al. (2016) . They point out that the ensemble mean generally outperformed or was nearly as good as any single member. All these products have a monthly temporal resolution (for further details, see Table 1 ). Second, we use daily output from ORA-S4 over the period from 1 January 2012 to 13 October 2015 to assess the monthly modulation of TC activity by intraseasonal EKW during the particularly active 2014 and 2015 hurricane seasons (section 4).
As an integrated measure of TC activity, we use the accumulated cyclone energy (ACE) index. First, ACE is calculated for individual TC as the sum of the squares of the 1-min maximum sustained surface wind speeds over 35 kt over all 6-h periods during a storm's lifetime (Bell et al. 2000) . After obtaining all the individual TC's ACE, the annual ACE (section 3) is integrated over the EPac domain (58-258N, 1608-908W) during the boreal TC season (May-November). In section 4, ACE is calculated monthly, biweekly, and over a 5-day period average over the same domain. We also consider the TC intensity (TCI) since it relates more to oceanic conditions than the ACE, which also encompasses atmospheric effects on storm intensification (Lin and Chan 2015) . Similarly, TCI is simply the average of each storm's 1-min maximum sustained surface wind speed during its lifetime. TC data (trajectories and intensity) are obtained from the besttrack archives of the National Oceanic and Atmospheric Administration's (NOAA's) Tropical Prediction Center (TPC; http://www.nhc.noaa.gov/?epac). Jin et al. (2014 Jin et al. ( , 2015 use simple bilinear regression statistical models to demonstrate the potential of ENSO subsurface dynamics to be used for interannual predictions of TC activity in the EPac. Jin et al. (2014 Jin et al. ( , 2015 simply express the annual (May-November average) ACE or TCI as a linear combination of the annual Niño-3.4 index [i.e., sea surface temperature (SST) anomalies averaged in the region 58S-58N, 1708-1208W] and annual subsurface temperature T sub anomalies averaged in the upper 80 m in the TC region [78S-178N, 1608-908W; cf. Eq. (1)]. Niño-3.4 is assumed to account for the ability of ENSO SST anomalies to alter key atmospheric factors for TC genesis (i.e., TC occurrence frequency) (Dong and Holland 1994; DeMaria 1996; Collins and Mason 2000; Collins 2007; Camargo et al. 2008; Balaguru et al. 2013 ), while T sub impacts TC intensity and represents the ocean thermal effect of ENSO through meridional redistribution of subsurface heat or, in other words, the RD mechanism (Jin 1997; Jin et al. 2014) . Depending on the time period considered (e.g., whether this period is characterized by more frequent EP or CP El Niño types), the fueling effect associated with the ENSO meridional displacement of subsurface heat (i.e., T sub ) overall accounts for 30%-50% of the EPac interannual TC activity (Jin et al. 2015) :
ACE/TCI @May-Nov 5 aNiño3. 4 @May-Nov 1 bT sub @May-Nov ,
where a and b are the coefficients from the regression on the Niño-3.4 index and T sub , respectively.
In the present study, we focus on the remaining variability of hurricane activity (i.e., the residual unrelated to the interannual ENSO RD mechanism). We simply express the annual residual of TC activity as the difference between either ACE or TCI [left-hand side of Eq. (1)] and the bilinear regressed expression described above [right-hand side of Eq. (1)]; the annual residual time series is shown in Fig. S1 of the supplemental material.
3. Impact of the subannual EKW on the seasonal TC activity
a. Thermocline depth anomalies and TC intensity in the EPac
It has long been recognized that the tropical thermocline provides a waveguide for several types of waves that travel along the equator. The sharp ocean thermal structure in this region (i.e., the shallow thermocline and the strong vertical stratification) facilitates wave propagation with little dissipation (Cane and Sarachik 1977) . Thus, we first choose to explore the relationships between the thermocline depth variability in the tropical Pacific, diagnosed as the depth of the 208C isotherm, and the ACE annual residual in the EPac.
To identify propagations associated with such features and their potential influence on the EPac hurricane activity, we present in Fig calendar month over the last 30 years . To ensure that TDAs do not include any annual or ENSO variability, we process the anomalies as follows: at each grid point we first remove the monthly mean climatology, and then we remove the regressed Niño-3.4 index. 1 We observe a clear propagation of significant correlations at the 93% confidence level (r . 0.4, p , 0.07) between TDAs and the ACE annual residual along the equator. This coherent signal originates in the central-western Pacific around January-February (Figs. 1a,b) , is fully mature in the central Pacific during March-April (Figs. 1c,d) , and then reaches the EPac cold tongue region in May (Fig. 1e) , right at the beginning of the boreal hurricane season. Then, this coherent relationship between TDAs and the ACE residual starts spreading poleward along the coast of the Americas (Figs. 1f,g ) and reaches the EPac cyclone-active coastal region in July. The signal is subsequently radiated westward from the coast and covers a significant portion of the southeastern EPac TC region between August and December (cf. Figs. 1h,l) . This eastward equatorial propagation followed by an off-equatorial westward radiation off the coast of Central America in a specific latitudinal band calls for a careful examination of both the EKW and the reflected Rossby wave signal. Also, the alongshore poleward propagation over a narrow coastal region seems to be a signature of coastal trapped waves (Spillane et al. 1987; Clarke and Shi 1991) .
b. Eastward-propagating EKWs
We further examine these propagations from the relationship between the ACE residual and the vertical structure of potential temperature anomalies along the equator. Similar to equatorial (2.58S-2.58N) sections of correlations between the annual ACE residual and temperature anomalies for each calendar month. Anomalies have been processed similarly to section 3a. Again, there is a clear propagation of significant correlations at the 93% confidence level (r . 0.4, p , 0.07) along the equatorial thermocline represented by the thick black lines in Fig. 2 . The coherent relationship between the subannual variability of subsurface temperature and the ACE annual residual originates around the date line in JanuaryFebruary (Figs. 1a,b) and then propagates along the equatorial thermocline, reaching the EPac cold tongue region in May (Fig. 1e) , just in time for the hurricane season, to finally disappear from the equatorial EPac in July (Fig. 1g) . At this time, the anomalies of the subsurface temperature (0-50 m) in the equatorial EPac explain almost 40% of the ACE annual residual variability (r ' 0.6) and around 25% of the total variability.
For a more quantitative diagnostic of the propagation, we integrate this coherent signal between 80 and 180 m (to grasp changes happening around the mean thermocline across the entire Pacific basin) and present it in a time-longitude Hovmöller diagram in Fig. 3a . A simple visual inspection shows that the signal takes 3-4 months to cross the basin, indicative of a propagation speed of about 1.9 m s 21 (illustrated by the black arrow), consistent with the theoretical phase speed of the first to second baroclinic mode EKW in the eastern equatorial Pacific (Sprintall et al. 2000; Kessler et al. 1995; Picaut and Sombardier 1993) . This is further confirmed by a more sophisticated technique that determines probability distributions of zonal phase speeds in a space-time diagram, via the Radon transform (Radon 1917; Challenor et al. 2002; Boucharel et al. 2013 ). In practice, we project the Hovmöller diagram onto a series of lines at various angles and for different times (Fig. S3a in the supplemental material). This projection in the 2D longitude-time space will reach maximum values when perpendicular to crests (positive correlations) and troughs (negative correlations) in the data. Subsequently, we can identify the angles (i.e., phase speed) for which the maximum projection is attained (Figs. S3b,c in the supplemental material). The ''Radon projection'' pictured in Fig. 3a exhibits a dominant phase speed of 1.55 m s
21
. This confirms the strong relationship between the subsurface temperature variability associated with the passage of subannual EKWs and the seasonal TC intensity in the EPac. Note the decrease in positive correlation near 1208W in May-June that can be interpreted in terms of the energy scattering of the EKWs onto the sloping thermocline (Mosquera-Vásquez et al. 2014 ).
c. Westward-reflected Rossby wave Spillane et al. (1987) used sea level observations to show that poleward-propagating subseasonal variability was detectable along the coast of the Americas from Peru to Central America and California, where the EPac cyclogenesis takes place. Enfield (1987) analysis and found that the source of this coastal variability was the first baroclinic mode equatorial Kelvin waves remotely forced by western Pacific winds. When the EKW encounters the eastern boundary, some of its energy is transferred poleward through coastally trapped waves, expanding the equatorial waveguide to higher latitudes in each hemisphere. These coastal Kelvin waves can radiate energy into baroclinic Rossby waves between the equator and 308S or 308N, depending on their frequency and the coastline slope (Clarke and Shi 1991) . These waves propagate westward along the subtropical thermocline in response to the geostrophic balance (McCreary 1983) .
To highlight the propagation of such coherent westward signals between TC intensity and the subsurface heat variability induced by Rossby waves, we present in Fig. 4 , similar to Fig. 2 but now averaged between 108 and 158N, monthly lagged correlations between the ACE annual residual and vertical sections of temperature anomalies. As shown previously (cf . Figs. 2e,f and 3a) , the signal between the EKW-induced subsurface anomalies and the hurricane activity in the equatorial EPac reaches the basin's eastern boundary around May-June. The signal starts to appear in the thermocline along the coast of Central America at this time (June-July, cf. Figs. 4f,g ) and subsequently spreads westward. The coherency becomes particularly strong (r . 0.4, p , 0.07) in the EPac cyclone-active and main development region (1608-1108W) between July (Fig. 4g) and October ( Fig. 4j ) with a well-marked peak in August and September at the heart of the boreal hurricane season.
Again to illustrate the propagation characteristics of this signal, we integrate it between 5 and 55 m (shallow thermocline in the EPac) and present it in a time-longitude Hovmöller diagram in Fig. 3b . Note the reversed sense of the longitude axis in this plot. This analysis shows a clear westward propagation of coherent patterns between the residual hurricane activity and subsurface temperature anomalies associated with the reflected Rossby wave. Visually, we estimate a phase speed around 0.14 m s correlation that appear to originate farther away from the coast in the central Pacific (2008 in June. This can be interpreted as the EKW partial reflection near 1208W onto the zonal density front associated with the shallower thermocline in the east (Mosquera-Vásquez et al. 2014 ). This might also be the signature of equatorial heat discharge associated with the subannual EKW, that is, a discharge mechanism similar to the one found by Jin et al. (2014) , but on subannual time scales. Further analysis based on model experiments would be required to elucidate the mechanisms behind such a westward-propagating variability at 1208W.
The connection between the Rossby wave effect on subsurface variability and the EPac cyclonic intensity is further illustrated in Fig. 5a . It displays the positions of maximum hurricane intensification-defined as the strongest increase in wind speed during the storm lifetime-of all TCs (between 1984 and 2014) over the Rossby wave pattern identified previously. This pattern is defined as the average over the hurricane season (May-November) of the maps corresponding to the monthly lagged correlations between the annual TDA and TCI residual (see Fig. S2 in the supplemental material). Note that we use TCI instead of ACE for this diagnostic because, as mentioned in section 2, TCI is more specifically related to oceanic intensification processes than ACE, which also encompasses atmospheric effects (Lin and Chan 2015) . However, similar results are obtained when we use ACE, in particular during the latest part of the TC season, when the Rossby wave signal is fully mature in the EPac (i.e., Fig. S5 in the supplemental material). Most TCs (64% for all categories) and in particular major TCs (74% of category 4 and 5 hurricanes) tend to undergo their maximum intensification over the region of most prominent Rossby wave signature on subsurface temperature. We also repeat the analysis, this time restricting the TC count and the Rossby wave pattern to the individual calendar months of September (Fig. 5b) , October (Fig. 5c ), and November (Fig. 5d) . The westward extent of the Rossby wave pattern along ;108-128N fits the hurricanes' location and westward displacement in the EPac. The Rossby wave influence on the subannual subsurface temperature variability can therefore potentially create a warm subsurface water corridor, promoting favorable conditions for TCs to intensify and travel farther west, in particular during the second part of the hurricane season.
Modulation of TC intensity by intraseasonal
EKWs (2012-15)
a. Propagating mode of oceanic intraseasonal variability
We now explore the effect of intraseasonal subsurface variability due to higher-frequency EKW on the monthly modulation of hurricane intensity during the period 2012-15. The intraseasonal variability associated with atmospheric wave propagation in the tropics is generally assessed through the diagnostics of the 10-90 days bandpass-filtered anomalies (Jiang et al. 2012) . However, in the Pacific, Kessler et al. (1995) and Cravatte et al. (2003) have shown the presence of an energetic peak of oceanic variability at 120 days in sea level. Therefore, in this context, we choose to define the intraseasonal TDA as the 10-150 days bandpass-filtered (first-order Butterworth filter) anomalies of isotherm 208C daily output from ORA-S4 (see section 2).
Complex empirical orthogonal functions (CEOFs) provide an efficient tool to disentangle the spatiotemporal characteristics of the intraseasonal TDA. In particular, by providing both amplitude and phase information, CEOFs are well suited to capturing propagating features (Barnett 1983; Stein et al. 2011; Boucharel et al. 2013 ). Here we conduct a CEOF analysis of the intraseasonal TDA over the period from 1 January 2012 to 13 October 2015 and over the whole tropical Pacific. The resulting first CEOF mode (CEOF1) is shown in Fig. 6 . CEOF1 explains 20% of the thermocline depth intraseasonal variability and is characterized by strong amplitude along the equator (Fig. 6a ) associated with an eastward propagation (see the decrease in phase along the equator from west to east in Fig. 6b ). There is also a pattern of significant amplitude along the coast of Central America propagating poleward, as well as in the EPac cyclone-active region (delineated by the dashed black box in Fig. 6a ) that propagates westward. This is the exact same signature as the subannual equatorial Kelvin, coastal trapped, and Rossby waves triplet identified in the previous section, but evidenced here on intraseasonal time scales. The principal component (PC) of CEOF1 is split into an amplitude and phase time series, shown in blue and red in Fig. 6c , respectively. The phase exhibits a constant decrease, indicative of a dominant eastward propagation over the period 2012-15, as the wave signature is stronger along the equator (EKW). The spectral properties of the first principal component (PC1) are diagnosed by performing a wavelet decomposition in Fig. 6d (Torrence and Compo 1998) . The more prominent peak, around 2.5 years, is most likely due to the amplitude modulation of intraseasonal EKW activity in the EPac, as part of the lowfrequency evolution of the tropical Pacific mean state (Dewitte et al. 2008) , with little (enhanced) activity in 2012-13 (2014-15) . The second significant peak is found in the 120-130 days period, and is the clearly dominant time scale in the TDA signal reconstructed in the EPac (dashed black box in Fig. 6a ) from CEOF1 only (Figs. 6d,f) . We consider, for more completeness, the second and third CEOF modes, and present similar diagnostics for CEOF1, CEOF2, and CEOF3, which altogether explain 30% of the intraseasonal variability (Fig. S6 in the supplemental material) . The amplitude and phase patterns are essentially the same, but the peak of variability tends to broaden toward higher frequency and become significant in the 90-130 days band. In addition, the frequency range of TDA variability found in the EPac is coherent with the latitudinal dependency of the dominant frequency radiated westward (i.e., not coastally trapped), around 90-180 days between 98 and 158N (Clarke and Shi 1991) . The first three modes of intraseasonal TDA variability in the EPac, and CEOF1 to a great extent capture the propagative signal of the eastward EKW and reflected off-equatorial Rossby wave. At this stage, one can wonder if such small deviations in thermocline depth variability (;2-6 m depending on the number of CEOF modes considered) can significantly contribute to subsurface temperature anomalies and ultimately promote substantial variations in hurricane intensity. This is actually the case due to the sharp thermocline in the EPac, which can produce a large rate of temperature changes within the upper layer through anomalous vertical advection of mean temperature. For instance, Jin et al. (2014) showed that between periods of recharged and discharged subsurface temperature in this region, characterized by subsurface temperature changes around 58C, the variation in thermocline depth is less than 15 m (see Fig. 23 of their supplemental material). Yet the total (major; i.e., category 3 and above) hurricanes count between these periods was increased up to 74% (350%). This suggests a high sensitivity of TC activity to changes in vertical oceanic structure in this region.
b. Relationships between oceanic intraseasonal variability and monthly TC activity
We compare the amplitude of TDA PC1 to 5-day mean, biweekly, and monthly values of ACE and TCI averaged over the region delineated in Fig. 6a . The time series are presented in Fig. 7 and restricted only to the boreal hurricane season (May-November) for clarity. Not unexpectedly, there is no evident link between the 5-day mean hurricane intensity and the intraseasonal wave activity, with low correlations of 0.26 (0.23) between TCI (ACE) and the amplitude of PC1, as our bandpass filtering has smoothed the high-frequency variability out. Yet, PC1 amplitude is clearly in phase with the monthly time series of ACE and TCI and more surprisingly to some extent with the biweekly time series as well, with correlations of 0.56 and 0.45 for TCI, and 0.54 and 0.43 for ACE, respectively, all significant at the 95% level. This connection becomes even clearer when we consider the PC associated with the first three CEOF modes (Fig. S6 in the supplemental material) . The consideration of three modes allows grasping more of the westward propagation variance through the inclusion of a wider range of periods at which the Rossby wave can radiate at such latitudes (cf. Figs. S6d,f in the supplemental material and Figs. 6d,f) . The relationship between the oceanic intraseasonal variability and TC activity seems even stronger during the 2014 and 2015 hurricane season as the intraseasonal EKW activity is significantly increased (cf. blue line in Fig. 6c ).
To understand this connection between hurricane intensity and wave activity in a dynamical framework, we collocate, in a similar fashion to Fig. 5 , TC trajectories with composites of reconstructed TDA for CEOF1-CEOF3. In Fig. 8a , the shading represents the reconstructed intraseasonal TDA signal averaged between May and August (i.e., the downwelling phase of the intraseasonal Rossby wave) and the spaghetti lines denote the TC tracks restricted to their maximum intensification part, that is, between the moment of strongest increase in wind speed until the maximum wind speed is attained, for all storms that occurred between May and August (for 2012-15). Red shading indicates a deeper thermocline, and thus higher heat content. There is a good match between the location where positive subsurface ocean anomalies are found and the location of TC strengthening. Most tropical storms tend to build up and reach their maximum intensity over patches of anomalously deep intraseasonal thermocline (i.e., higher heat content). In particular, the downwelling Rossby wave passage and its imprint on subsurface characteristics along ;108-128N seems to provide a warm water pathway that significantly contributes to the westward hurricanes translation. Likewise, Fig. 8b represents the reconstructed intraseasonal TDA signal averaged between September and November (i.e., the upwelling phase of the intraseasonal Rossby wave) and the lines are TCs trajectory that occurred between September and November. In contrast, when the wave passage promotes a shoaling of the intraseasonal TDA (upwelling phase; Fig. 8b ), the upper-ocean properties are detrimental to hurricane intensification and limit their westward extent. Instead, TCs tend to be more confined along the coast of Central America. Our results indicate that the high intraseasonal wave activity in 2014 and 2015 seems to have played a major role in both the overall high seasonal hurricane activity and its monthly modulation.
Summary and conclusions
The impact of subseasonal oceanic variability on the EPac hurricane activity is studied here using oceanic reanalysis and the TPC best-track archive. We take advantage of the inclusion of Argo float data into reanalysis products to ensure a more realistic simulation of the oceanic vertical structure (Gould et al. 2004 ) and the recent body of studies highlighting a tight connection between upper-ocean properties and TC intensity (e.g., Jin et al. 2014 Jin et al. , 2015 Boucharel et al. 2016; Vincent et al. 2014; Balaguru et al. 2013; Lin et al. 2013; Price 2009 ) to focus on the effect of subsurface equatorial dynamics on the EPac hurricane activity. In particular, we determine how much the thermocline warming associated with the passage of subannual and intraseasonal EKW can participate in the seasonal and monthly modulation of TC activity in this basin.
By performing monthly lag correlations between the annual oceanic properties and residual of hurricane activity unrelated to ENSO air-sea coupled dynamics, we were able to identify subannual basin-scale propagations that are significantly linked to TC intensity in the EPac. These oceanic waves have a marked signature on the upper-ocean vertical structure (TDA and heat content), in particular in the EPac cyclone-active region during the boreal hurricane season. Similar to the remote and delayed influence of ENSO equatorial heat discharge on TC interannual activity (Jin et al. 2014 (Jin et al. , 2015 Boucharel et al. 2016) , the oceanic equatorial subannual variability that originates in the western Pacific in boreal winter seems to exert a strong control on the annual variation of hurricane intensity, explaining up to 30% of the ACE residual, which represents around 15%-20% of the total TC activity. The time scales involved in the EKW propagation allow anticipating their influence on subsurface temperature variability and the subsequent ''storm fueling'' effect at least a few months in advance, thereby offering a potential considerable lead time to predict the seasonal TC intensity in the EPac. As a consistency check, we have also assessed to what extent the subannual atmospheric variability in the western Pacific in boreal winter, assumed to trigger such EKWs, is related to the EPac TC intensity. Similarly to Figs. 1, 2, and 4, Fig. 9 shows monthly-lagged correlation maps between the ACE annual residual and the annual high-pass-filtered anomalies (using a first-order Butterworth filter with a 6 months 21 cutoff frequency) of surface zonal wind (at the 850-mb atmospheric level) from ERA-Interim (Dee et al. 2011) for the boreal winter calendar months (period 1984-2014) . There is a high correlation between the annual modulation of intraseasonal surface wind anomalies and the ACE residual initiating to the west of the Maritime Continent in January and further propagating eastward toward the central western Pacific (around the international date line) in March. This signal is accompanied by the eastward propagation of negative intraseasonal anomalies of outgoing longwave radiation (OLR) (dashed green lines in Figs. 9d-f) . OLR data come from NOAA-NCEP (Liebmann and Smith 1996) and negative OLR anomalies are a good indicator of enhanced deep convective activity. Regardless of the complex intricacy of mechanisms that trigger EKWs (Puy et al. 2015) , this confirms the considerable lead time to anticipate the intensity of the boreal TC season: up to 3-6 months in advance, when EKW are generated in boreal winter in the western Pacific. The use of daily output of thermocline depth enabled us to investigate the impact of higher-frequency oceanic variability on EPac hurricane activity. Although restricted to a short time period, the analysis highlights the monthly modulation of TC intensity by the intraseasonal EKW activity, and emphasizes the strong forecasting potential of such oceanic variability. Interestingly, this effect is mostly captured by the first propagative mode of the CEOF decomposition. This offers a robust framework to embed the hurricane ''fueling effect'' by intraseasonal subsurface anomalies within the more general basin-scale equatorial dynamics. The spatial distribution of hurricane maximum intensification tends to follow the intraseasonal TDA field projected onto the EKW/Rossby wave amplitude pattern. Indeed, the patches of positive TDA (i.e., deeper thermocline, decreased mixed layer stratification, and increased upperlayer temperature) seem to provide an oceanic pathway by offering warm subsurface water crucial for hurricane strengthening. This also suggests that this oceanic mechanism of intraseasonal variability can potentially contribute to the operational tracking of individual TC. Overall, this study draws attention to the relationship between the EPac TC activity and the equatorial subsurface ocean dynamics at intraseasonal time scales, extending the study by Jin et al. (2014 Jin et al. ( , 2015 and Boucharel et al. (2016) . It also emphasizes the potential of such deterministic oceanic mechanisms for hurricane predictions. In this regard, it would be interesting to evaluate if statistical forecasts of subseasonal TC activity based on these processes of intraseasonal variability can exceed the skill and lead time (around 20 days) of dynamical forecasts of atmospheric model, such as those of Vitart (2009) . This would require further investigation on the triggering of the intraseasonal extratropical Rossby wave around 108-158N in the EPac, such as the respective role of remote (EKW) versus local (wind) forcing. Also, the TC region is characterized by high values of eddy kinetic energy, which implies a likely interaction between the linear Rossby wave and mesoscale activity. In addition, due to the relatively limited time period considered to emphasize the potential predictive value of our results, it calls for investigating similar mechanisms in a long-term coupled simulation in a TCpermitting model (e.g., HiRAM; Camargo et al. 2014) .
